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Human CLASP1 Is an Outer Kinetochore Component
that Regulates Spindle Microtubule Dynamics
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Kinetochores are the specialized structures that attach
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chromosomes to the plus ends of spindle microtubules1Chromosome Structure Group
(Brinkley and Stubblefield, 1966; Jokelainen, 1967).Wellcome Trust Centre for Cell Biology
These microtubules are highly dynamic structures thatInstitute of Cell and Molecular Biology
alternate between states of growth and shrinkage (Mit-University of Edinburgh
chison and Kirschner, 1984; Desai and Mitchison, 1997),Swann Building, King’s Buildings, Mayfield Road
and remarkably, this behavior continues while the micro-Edinburgh EH9 3JR
tubules remain attached to kinetochores (Mitchison andScotland
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1988; Coue et al., 1991; Hyman and Mitchison, 1991).Instituto de Biologia Molecular e Celular
The demonstration that kinetochores hold onto bun-Universidade do Porto
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oscillations of growth and shrinkage identified two key4150-180 Porto
questions in chromosome segregation: how do kineto-Portugal
chores remain attached to microtubules that are actively3 Laboratory of Cell Regulation
gaining or losing tubulin subunits at their plus ends, andDivision of Molecular Medicine
how is this behavior of the microtubules coordinated?Wadsworth Center
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regulated, at least in part, by centromere components4 Division of Gene Regulation and Expression
(Hyman and Mitchison, 1990) such as MCAK/XKCM1The University of Dundee
(Wordeman and Mitchison, 1995; Walczak et al., 1996)MSI/WTB Complex
and Kin1 kinesins (Desai et al., 1999), although manyDundee, DD1 5EH
other factors are likely to be involved. CENP-E, the firstScotland
protein shown to be involved in tethering kinetochores5 Instituto de Cieˆncias Biome´dicas de Abel Salazar
to microtubules (Lombillo et al., 1995), is now thoughtUniversidade do Porto
to report the status of kinetochore attachment to theLargo do Prof. Abel Salazar, 2
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A number of microtubule plus-end binding proteins,
collectively referred to as TIPs (Schuyler and Pellman,One of the most intriguing aspects of mitosis is the
2001), are thought to be involved in microtubule-kineto-ability of kinetochores to hold onto plus ends of micro-
chore interactions. CLIP-170 associates with unat-tubules that are actively gaining or losing tubulin sub-
tached kinetochores during prometaphase and is re-units. Here, we show that CLASP1, a microtubule-
leased upon biorientation (Dujardin et al., 1998). APC
associated protein, localizes preferentially near the
and EB1 also localize to kinetochores in a microtubule-
plus ends of growing spindle microtubules and is also dependent fashion and have been shown to have a role
a component of a kinetochore region that we term the in chromosome segregation (Kaplan et al., 2001; Fodde
outer corona. A truncated form of CLASP1 lacking the et al., 2001; Rogers et al., 2002; Tirnauer et al., 2002).
kinetochore binding domain behaves as a dominant Interestingly, binding of EB1 to microtubule plus ends
negative, leading to the formation of radial arrays of at the kinetochore interface is restricted to polymerizing
microtubule bundles that are highly resistant to depo- microtubules, suggesting that it could modulate their
lymerization. Microinjection of CLASP1-specific anti- dynamic behavior (Tirnauer et al., 2002). Depletion of
bodies suppresses microtubule dynamics at kineto- EB1 from Drosophila cells revealed that the protein is
chores and throughout the spindle, resulting in the required for spindle assembly but is not essential for
formation of monopolar asters with chromosomes kinetochore attachment (Rogers et al., 2002).
buried in the interior. Incubation with microtubule-sta- CLASPs are nonmotor MAPs identified through their
bilizing drugs rescues the kinetochore association ability to interact with CLIP-170/CLIP-115. CLASPs as-
with microtubule plus ends at the periphery of the sociate with microtubule plus ends at the leading edge
asters. Our data suggest that CLASP1 is required at during fibroblast motility, promoting polarized growth
kinetochores for attached microtubules to exhibit nor- (Akhmanova et al., 2001). Genetic screens had pre-
mal dynamic behavior. viously identified the CLASP homologs MAST/Orbit in
Drosophila (Lemos et al., 2000; Inoue et al., 2000) and
Stu1p in S. cerevisiae (Pasqualone and Huffaker, 1994).*Correspondence: bill.earnshaw@ed.ac.uk
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Mutations in MAST/Orbit cause complex mitotic pheno- EGFP-CLASP1 was preferentially associated with the
plus ends of growing microtubules in mitotic cells (Fig-types, revealing that the protein is essential for spindle
assembly and function. Subsequently, RNAi studies in ure 2C and Supplemental Movie S1), where it partially
colocalized with EB1 (Figure 2F). In metaphase, EGFP-Drosophila cells and time-lapse microscopy of MAST
mutant embryos revealed that the protein is required for CLASP1 not only labeled the spindle, but also accumu-
lated near the chromosomes where it appeared to bechromosome alignment, kinetochore-microtubule at-
tachment, and maintenance of spindle bipolarity (Maiato associated with kinetochores (Figures 2D and 3; Supple-
mental Figure S2 and Supplemental Movie S2). Duringet al., 2002).
Here, we have examined the role of human CLASP1 anaphase, EGFP-CLASP1 localized to the central spin-
dle and polar regions, while during telophase and cytoki-in mitosis. We show that CLASP1 is a component of the
outer kinetochore corona that binds microtubules near nesis, it accumulated in the midbody (Figure 2E and
Supplemental Movie S3) and also at the plus ends oftheir plus ends. Altogether, our data show that CLASP1
is required for the normal regulation of microtubule dy- microtubules growing toward the leading edges of the
expanding cytoplasm (data not shown).namics at the kinetochore and throughout the spindle.
Thus, CLASP1 is involved in one of the most remarkable
and mysterious properties of the kinetochore—the abil- CLASP1 Defines a Region of the Outer
ity to bind and influence the dynamic properties of spin- Kinetochore Corona
dle microtubules. CLASP1 and EGFP-CLASP1 were localized to kineto-
chores and centrosomes both in the presence and ab-
sence of microtubules (Figure 3 and Supplemental Fig-Results
ure S2). Levels of EGFP-CLASP1 at kinetochores were
highest during prometaphase and decreased approxi-CLASP1 Exhibits Dynamic Changes in Localization
during Mitosis mately 2-fold during metaphase and anaphase (Fig-
ure 3A).In early HeLa mitotic cells, both endogenous CLASP1
and exogenous EGFP-CLASP1 localized to centro- Within the kinetochore, anti-centromere antibodies
(ACA) stain a domain that extends from the centromericsomes, kinetochores, and spindle microtubules, particu-
larly the plus ends of astral microtubules (Figures 1A– heterochromatin to the inner kinetochore plate, which
contains CENP-C (Cooke et al., 1990; Saitoh et al., 1992).1D). Following the metaphase-anaphase transition,
CLASP1 localized to the spindle midzone (Figures 1E CENP-E, a constituent of the fibrous corona, lies outside
the outer kinetochore plate (Cooke et al., 1997; Yao etand 1F), ultimately concentrating in the midbody during
telophase and cytokinesis (Figures 1G–1J). Staining of al., 1997). CLASP1 was localized distally to the areas
stained by ACA and anti-CENP-C (Figures 3B and 3Ccentrosomes remained strong throughout both mitosis
and interphase (see Supplemental Figure S1 online at and Supplemental Figure S2B). Surprisingly, CLASP1
was also largely distal to CENP-E (Figures 3B and 3D).http://www.cell.com/cgi/content/full/113/7/891/DC1).
Antibodies specific for CLASP1 recognized a single During anaphase, EGFP-CLASP1 could be clearly seen
to lead the kinetochore to the pole (Figure 3E).polypeptide that migrates higher than the predicted mo-
lecular weight of 170 kDa in immunoblots of HeLa To assess the role of microtubule dynamics in localiza-
tion of CLASP1, cells expressing EGFP-CLASP1 werecell extracts (Figure 1K, lane 1). The preimmune serum
recognized no bands in immunoblots (Figure 1K, lane treated for 30 min with taxol (Jordan and Wilson, 1999).
Although EGFP-CLASP1 remained associated with ki-2) and was negative in immunofluorescence (data not
shown). Anti-CLASP1 fluorescence was elevated only in netochores, as defined by CENP-C labeling (Figure 3G),
the protein also redistributed to regions of the spindleHeLa cells overexpressing truncated versions of EGFP-
CLASP1 that contain the relevant peptide sequence. closer to the poles (compare Figures 3F–3Fwith Figures
3G–3G), possibly due to binding to newly assembledFurthermore, in immunoblots of extracts from these
cells, the antibody recognized an additional band that short astral microtubules, such as have been observed
in insect spermatocytes following taxol treatment (La-is also detected by anti-GFP (Supplemental Figures
S1B–S1D). Fountain et al., 2001).
Thus, CLASP1 is the outermost kinetochore compo-
nent mapped to date. We refer to the region containingCLASP1 Localizes to Growing Microtubule Plus
CLASP1 as the “outer corona.” In this region, CLASP1Ends in Living Interphase and Mitotic Cells
would bind to kinetochore microtubules (which typicallyFour-dimensional analysis by restoration microscopy
end at the kinetochore plate) adjacent to their plus ends.revealed that EGFP-CLASP1 showed a very dynamic
distribution in interphase cells, migrating toward the pe-
riphery of the cell at a rate of 0.14 m/s as comet- Overexpression of the Microtubule Binding Domain
of CLASP1 Causes a Dominant-Negativelike structures at the microtubule plus ends (Figure 2A).
Previous studies had demonstrated a very similar be- Mitotic Phenotype
To identify the domains of CLASP1 responsible for itshavior for EGFP-CLASP2, GFP-CLIP-170, and EB1-GFP
(Akhmanova et al., 2001; Perez et al., 1999; Mimori- localization to different compartments of the mitotic ap-
paratus, we constructed a series of vectors expressingKiyosue et al., 2000). In cells where expression levels
were highest, EGFP-CLASP1 remained at microtubule different regions of the protein fused to EGFP (Figure
4A). This analysis revealed that the C-terminal 300 aminotips at the periphery of the cell (Figure 2B), suggesting
that it stabilizes the microtubules with which it is asso- acids were necessary and sufficient for kinetochore tar-
geting (Figures 4A and 4B and Supplemental Figuresciated.
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Figure 1. Cellular Localization of CLASP1 and EGFP-CLASP1 during Mitosis
HeLa cells were either immunostained with anti-CLASP1 antibodies (A, C, E, and G) or transfected with GFP-CLASP1 (B, D, F, H, and I).
Corresponding merged images show endogenous CLASP1 or GFP-CLASP1 (green), DNA (blue), and tubulin (red), except for (J), where Aurora
B staining is red. (A–F) CLASP1 localizes at centromeres, spindle, and centrosomes (inserts in F) in prophase through late anaphase. Both
endogenous CLASP1 (arrows, insert in [C]) and EGFP-CLASP1 (inserts in [B]) accumulate at the microtubule plus ends. (E and F) During
anaphase, CLASP1 accumulates at the spindle midzone and (G and H) at telophase and (I) cytokinesis in the midbody. (J) High magnification
of a midbody showing localization of EGFP-CLASP1 internal to Aurora-B. Bar is 10 m. (K) Immunoblot showing a single band above the 212
kDa marker recognized by the anti-CLASP1 antibody (lane 1), which is not recognized by the preimmune sera at the same dilution (lane 2).
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Figure 2. Localization of EGFP-CLASP1 at Microtubule Plus Ends in Living Cells
(A) Still image and consecutive frames (0, 10, and 20 s) from a movie of an interphase cell expressing low levels of EGFP-CLASP1 showing
highly dynamic comet-like structures as they migrate toward the cell cortex.
(B) Still image and consecutive frames from a movie of an interphase cell overexpressing EGFP-CLASP1, showing accumulation of stable
comet-like structures at the leading edge.
(C) Images of a prometaphase cell (Supplemental Movie S1) showing EGFP-CLASP1 associated with growing microtubule plus ends (arrows).
(C and C″) High magnification and fluorescence intensity measurements showing preferential accumulation of EGFP-CLASP1 at the microtubule
plus ends.
(D) Images of a metaphase cell (Supplemental Movie S2) showing EGFP-CLASP1 distributed over the spindle and close to the kinetochores.
(D) Kinetochore accumulation can be seen in a single focal plane.
(E) Images of a cell in late mitosis (Supplemental Movie S3) showing EGFP-CLASP1 at the central spindle and midbody during telophase.
Movie frames correspond to 3-D projections, except in (E), where only a single plane is shown.
(F) Partial colocalization of EGFP-CLASP1 (green) with EB1 (red) at the plus ends of astral microtubules. Bar is 10 m.
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Figure 3. Localization of CLASP1 within the Kinetochore at Different Stages of Mitosis and after Perturbation of Microtubule Dynamics
(A) Quantification of the fluorescence intensity of EGFP-CLASP1 relative to CENP-C at different stages of mitosis (n  5 kinetochore pairs
for each stage).
(B) Average interkinetochore distance of CLASP1 relative to kinetochore markers CENP-C and CENP-E was determined by measuring the
centroid positions of the fluorescence at the kinetochores in chromosome spreads of HeLa cells (n  20 kinetochore pairs for each protein;
error bars represent standard deviation; p  0.001).
(C and D) Coimmunolocalization of endogenous CLASP1 or EGFP-CLASP1 with anti-centromere antibodies (ACA) and CENP-E in chromosome
spreads. CLASP1 or EGFP-CLASP1 also localize to the centrosomes in the absence of microtubules (asterisks).
(E) EGFP-CLASP1 leads the kinetochore distal to the centromere marker CENP-C as chromosomes migrate poleward during anaphase (arrows).
(F and G) EGFP-CLASP1 remains strongly associated with kinetochores labeled with CENP-C (blue in the insert) following a brief incubation
with taxol prior to fixation. EGFP-CLASP1 also accumulates on spindle microtubules near the poles. Bar is 10 m.
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Figure 4. Functional Analysis of Different Domains within CLASP1
(A) Mapping of the microtubule- and kinetochore binding domains of CLASP1 by transient expression of deletion constructs tagged with
EGFP at the N terminus. HEAT repeats (red boxes) and a region of homology shared with Tau (blue) are indicated. Putative CDK1 phosphorylation
sites (P) correspond to residues S688, S731, S757, T1099 and S1123. Localization of the various proteins to various mitotic compartments was classified
as present () or absent () and lower (/) or higher (/), when compared to the signal of the full-length EGFP-CLASP1.
(B and B) The C-terminal region of CLASP1 (construct F) is sufficient for kinetochore targeting (see insert).
(C and C) The central portion of CLASP1 (construct G) is unable to target the protein to kinetochores (see insert).
(D and D) Removal of the HEAT repeat, deleting amino acids 1465–1538 from the C-terminal of CLASP1 (construct I), abolishes kinetochore
localization (see insert).
(E–E″) Overexpression of amino acids 250–943 of CLASP1 (construct H) causes formation of single or double monopolar asters during mitosis.
The astral rays consist of bundled microtubules, and EGFP-CLASP1(250–943) accumulates at the plus ends of these bundles, but not
kinetochores. The kinetochores, revealed by CENP-C staining, are not associated with bundled microtubule plus ends, and the chromosomes
are located in the interior of the asters.
(F) Electron micrograph from a serially sectioned mitotic cell overexpressing EGFP-CLASP1(250–943) showing the ultrastructure of the
monopolar spindle formed by two astral arrays (asterisks) of microtubule bundles (arrows). Insert in the lower right corner shows a cross-
section of microtubule bundles.
(G) Another section of the same cell showing the ultrastructure of the centrosome (Ct) and associated microtubules or bundles (arrow) and
a monooriented kinetochore (Kt) with bound microtubules.
(H) Another section from the same cell showing a microtubule bundle (arrow) passing by a kinetochore pair (Kts) with attached microtubules.
Bar is 10 m in (B)–(E) and 1 m in (F)–(H).
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S2D and S2E). This required the C-terminal HEAT repeat formed bipolar spindles with misaligned chromosomes
(Figures 6B and 6C).(Figures 4A and 4D and Supplemental Figure S2F), which
might be involved in interactions with other proteins Although it was technically impossible to localize the
endogenous CLASP1 following antibody microinjection,such as CLIP-170 (Andrade et al., 2001; Akhmanova et
al., 2001). Under the conditions we have used, overex- coinjection of anti-CLASP1 antibodies with an EGFP-
CLASP1 expression construct consistently resulted inpression of the kinetochore binding domain of CLASP1
did not displace the endogenous CLASP1 from kineto- dispersal of the fluorescent protein throughout the cyto-
plasm (Figure 6D). The very low percentage of antibody-chores and did not cause any dominant-negative pheno-
types (data not shown). injected cells with normal spindles all had GFP-CLASP1
at kinetochores (Figure 6E). Injection of anti-CLASP1 didA large central region of CLASP1 (residues 250–943)
that shares homology to known microtubule binding do- not cause delocalization of the ACA antigens (CENP-A,
CENP-B, and CENP-C, see Figure 6F) or CENP-E (datamains (Aizawa et al., 1991) was sufficient for association
with microtubules, but not kinetochores, in transfected not shown). This strongly suggests that injection of anti-
CLASP1 delocalizes the endogenous protein, therebycells (Figures 4A, 4E, and 5B). Overexpression of this
construct during interphase caused the formation of inhibiting its function and directly causing the observed
phenotype.static, tightly packed microtubule bundles that were
highly resistant to depolymerization induced by long- The monoasters formed after anti-CLASP1 antibody
injection typically had chromosomes buried deep withinterm exposure to colcemid (Figures 5A–5D and Supple-
mental Movie S4). Thus, the central domain of CLASP1 the radial microtubule array (Figure 6F). Paradoxically,
the kinetochores of these chromosomes were attachedhas microtubule bundling and stabilization properties.
Furthermore, when overexpressed during mitosis, this to microtubules. Electron microscopy revealed that of
eight serial-sectioned sister kinetochore pairs, six wereconstruct had a highly potent dominant-negative effect,
displacing endogenous CLASP1 from kinetochores, but monooriented and two were syntelically oriented (Figure
6I). Remarkably, when cells injected with anti-CLASP1not ACA, CENP-C, CENP-E, nor CLIP-170 (Supplemen-
tal Figure S3C, Figure 5F, and data not shown). Over antibodies were treated with low doses of taxol or noco-
dazole in order to suppress microtubule dynamics (Vas-60% of mitotic cells expressing EGFP-CLASP1(250–
943) had single or double asters, with astral rays con- quez et al., 1997), kinetochores occupied their normal
positions at the plus ends of microtubules around thesisting of bundles of extremely closely packed microtu-
bules (Figures 4E–4H and Supplemental Figure periphery of the aster within 30 min (Figures 6G and 6H).
Taken together, these results indicate that functionalS3A–S3B). Within the bundles, the center-to-center
spacing between adjacent microtubules was 24.3  4.5 CLASP1 is not required for kinetochores to bind to mi-
crotubule plus ends, per se, but may instead be essentialnm (insert in Figure 4F). Since the diameter of a microtu-
bule is 25 nm, EGFP-CLASP1(250–943) can bundle mi- for the normal dynamic behavior of kinetochore-associ-
ated microtubules.crotubules with little or no free space between them. The
distal ends of these bundles were enriched for EGFP-
CLASP1 and EB1 (Figure 5E) but lacked detectable APC CLASP1 Is Required for Normal Microtubule
Dynamics at the Kinetochore(data not shown). In contrast, CLIP-170 was not only
weakly associated with the bundled microtubules, but The experiments of the preceding section suggested
that perturbation of CLASP1 function alters the interac-also showed a strong accumulation at unattached kinet-
ochores within the asters (Figure 5F). tions between microtubules and kinetochores. We
therefore took two approaches to determine whetherThe chromosomes were buried deep inside the asters
induced by EGFP-CLASP1(250–943) (Figure 4E″). The inhibition of CLASP1 function affects the dynamic be-
havior of kinetochore-associated microtubules.poleward-facing attached kinetochores were negative
for CLIP-170, while the outward-facing kinetochores did First, we used a HeLa cell line stably expressing GFP-
-tubulin and measured the length of individual kineto-bind CLIP-170, suggesting that the former had bound
microtubules while the latter were free (Figure 5F). Con- chore fibers during metaphase in control cells and cells
microinjected with anti-CLASP1 antibodies (Figures 7Asistent with this, most (15/17) kinetochores observed by
serial-section electron microscopy had normal end-on and 7C and Supplemental Movies S5 and S6). In con-
trols, kinetochore fibers elongated or shortened at a rateattachments to microtubules, often in close proximity
to the centrosome (Figures 4G and 4H). Importantly, of 0.046  0.017 m/s, in agreement with previously
determined parameters for chromosome oscillation dur-none of the prominent microtubule bundles terminated
at kinetochores, possibly because the microtubules ing metaphase in mammalian cells (Skibbens et al.,
1993). In dramatic contrast, kinetochore fibers in cellswere bundled too closely for them to occupy their normal
binding sites. injected with anti-CLASP1 antibodies were shorter than
those in controls and showed no sign of dynamic behav-
ior (Figures 7B and 7C and Supplemental Movie S6).Microinjected Anti-CLASP1 Antibodies Perturb
Since chromosome oscillations occur even in cells withthe Dynamic Behavior of Kinetochore Microtubules
monopolar spindles (Rieder et al., 1986; Tirnauer et al.,To further probe the function of CLASP1 in mitosis, we
2002), these results reveal that CLASP1 is required formicroinjected cells with anti-CLASP1 or control (preim-
normal dynamics of kinetochore-associated microtu-mune) antibodies during interphase. Approximately 55%
bules.of cells that reached mitosis 12 hr after microinjection
Second, in order to differentiate between effects ofwith anti-CLASP1 antibodies formed monopolar spin-
CLASP1 antibody injection on microtubule dynamicsdles (Figures 6A and 6C), while approximately 20%
Cell
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and on other processes that might dampen chromo- The characteristic phenotype produced by interfer-
ence with CLASP1 function is the production of mono-some oscillations during metaphase—for example, in-
terference with the function of chromokinesins—we polar spindles with chromosomes buried in the interior.
This is seen with Drosophila mutants, RNAi of MAST/tested whether microinjection of anti-CLASP1 antibod-
ies affected the previously described dynamic behavior Orbit in Drosophila cells, microinjection of anti-CLASP1
antibody, and the overexpression of the CLASP1 micro-of EB1-GFP in mitotic cells (Mimori-Kiyosue et al., 2000).
Indeed, while in control cells EB1-GFP showed signifi- tubule binding domain. Both of the latter treatments
displace endogenous CLASP1 from kinetochores incant dynamics (visualized in Figure 7D as dispersion
throughout the spindle—see also Supplemental Movie HeLa cells. The phenotype is highly unusual, as multiple
redundant mechanisms (the “polar wind”) exist to expelS7), we observed little or no flux of EB1-GFP after micro-
injection of anti-CLASP1 antibodies (visualized in Figure chromosomes from the interior of asters (Carpenter,
1991; Rieder and Salmon, 1994). Two hypotheses could7E as concentration at the spindle poles—see also Sup-
plemental Movie S8). Given the lack of evidence for a explain this phenotype. First, CLASPs could be required
for the stable binding of kinetochores to dynamic micro-direct interaction between CLASPs and EB1 (Akhma-
nova et al., 2001) (H.M., unpublished data), these tubules. Second, CLASPs could be required to regulate
the dynamics of kinetochore-associated microtubules.changes in EB1-GFP flux after injection of anti-CLASP1
antibodies likely reflect an alteration in microtubule dy- According to the first hypothesis, disruption of
CLASP1 function would cause kinetochores to lose theirnamics throughout the spindle.
grip on microtubules exhibiting dynamic behavior. This
would normally cause chromosomes to be expelled fromDiscussion
the aster, but if they were able to reattach laterally and
move poleward along the sides of microtubules, as in theDrosophila mutants in MAST/Orbit have multiple mitotic
defects, including the production of monopolar spindles initial interactions normally seen during prometaphase
(Rieder et al., 1990), then they could accumulate in theand highly polyploid cells (Lemos et al., 2000; Inoue et
al., 2000). A subsequent study reported that two human interior of the aster. This hypothesis is ruled out by
serial-section electron microscopy in HeLa cells injectedhomologs of MAST/Orbit were associated with the mi-
crotubule plus-end tracking proteins CLIP-115 and with anti-CLASP1 antibodies or overexpressing the
CLASP1 microtubule binding region, where kineto-CLIP-170 in interphase cells (Akhmanova et al., 2001).
These CLIP-associating proteins, termed CLASPs, were chores within the aster clearly have end-on attachments
with microtubules.proposed to be involved in regulating microtubule dy-
namics at the leading edge of motile fibroblasts based Although we cannot exclude that CLASP1 could influ-
ence chromosome movement by modifying the functionon the analysis of tubulin modifications. The data pre-
sented here provide direct support for the hypothesis of motors such as chromokinesins, overall, our data are
more consistent with hypothesis two, in which CLASP1that CLASP1 has an essential role in the regulation of
microtubule dynamics, both at kinetochores, and is involved in regulation of the dynamics of kinetochore-
associated microtubules. Specifically, if CLASP1 wasthroughout the spindle.
CLASP1 tracks to the plus ends of microtubules early required for the switching of kinetochore-associated mi-
crotubules from a shrinking to a growing phase, then inin mitosis and also binds to the outer kinetochore corona
in a microtubule-independent manner distinct from the the absence of CLASP1, any transition to shortening
would cause the chromosome involved to be “reeled in”other Tips APC and EB1 (Kaplan et al., 2001; Fodde
et al., 2001; Tirnauer et al., 2002). CLASP1 has a central to the centrosome. Under this model, the kinetochores
would have almost exclusively end-on attachments withmicrotubule binding domain and a C-terminal kineto-
chore-targeting domain. When the former is overex- microtubules, and the chromosomes would be very
close to the centrosomes, as we observed by light andpressed in cells, endogenous CLASP1 is displaced from
kinetochores, but CLIP-170 still accumulates at unat- electron microscopy.
A number of observations suggest that CLASP1 hastached kinetochores, thereby demonstrating that the
two proteins can target independently. Curiously, a role in regulating microtubule dynamics. First, meta-
phase chromosome oscillations, which require dynamicCLASP1 also localizes at centrosomes in a microtubule-
independent manner. instability of the kinetochore-attached microtubule bun-
Figure 5. Behavior of Microtubules and Distribution of Plus-End Tracking Proteins after Overexpression of the Microtubule Binding Domain
of CLASP1
(A) Overexpressed EGFP-CLASP1(250–943) is associated with highly stable cytoplasmic fibers in a live interphase HeLa cell (Supplemental
Movie S4).
(B–B″) Colocalization of EGFP-CLASP1 with -tubulin in microtubule bundles.
(C–C″) EGFP-CLASP1(250–943)-induced microtubule bundles () resist depolymerization by colcemid, while microtubules in a nontransfected
cell () were completely depolymerized.
(D) Electron micrograph of microtubule bundle found in interphase EGFP-CLASP1(250–943) transfected cell. At higher magnification (insert),
two single microtubules from the same cell are shown for comparison.
(E–E″) HeLa cell transfected with EGFP-CLASP1(250–943) showing a monopolar spindle in which EB1 is present at the plus ends of microtubule
bundles.
(F–F″) HeLa cell transfected with EGFP-CLASP1(250–943) showing a monopolar spindle with CLIP-170 strongly localized to the unattached
outward-facing kinetochores (see inserts). Bar is 0.2 m in (D). In all other panels, bar is 10 m.
Cell
900
Figure 6. Analysis of Microtubule-Kinetochore Attachment after Microinjection of Anti-CLASP1 Antibodies
(A) Approximately half of the cells injected with anti-CLASP1 antibodies (red) formed either monopolar spindles (lower four cells) or showed
misaligned chromosomes (top left).
(B and B) Higher magnification of a cell injected with anti-CLASP1 antibodies showing misaligned chromosomes.
(C) Quantification of the spindle phenotype observed after microinjection of HeLa cells with anti-CLASP1 antibody (n  433) or preimmune
serum (n  492) from three different experiments.
(D and D) EGFP-CLASP1 is delocalized in a HeLa cell coinjected with anti-CLASP1 antibodies.
(E) Correlation of the mitotic phenotype with the delocalization of EGFP-CLASP1 in cells injected with anti-CLASP1 (n  30).
(F and F) In a cell injected with anti-CLASP1 antibodies, most kinetochores (ACA, red) are not associated with the microtubule plus ends
(-tubulin, green) at the periphery of the aster.
(G–H) In cells injected with anti-CLASP1 antibodies, a short incubation with an ultralow dose of taxol (G) or nocodazole (H) rescues the
association of the kinetochores with the microtubule plus ends at the periphery of the aster.
(I) Electron micrograph showing that kinetochores are attached to microtubules in a monopolar spindle formed after injecting a HeLa cell
during G2 with anti-CLASP1 antibodies. Bar is 0.5 m in (I). In all other panels, bar is 10 m.
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taining 0.1% Tween, and then incubated with Rb1277 diluted 1:300dles (Skibbens et al., 1993), are severely dampened or
in the same buffer. Cells were washed with PBS and PBS containingeliminated following the microinjection of anti-CLASP1
0.1% Tween before and after incubation with secondary antibodies.antibodies. Second, EB1-GFP becomes much less dy-
For preservation of the microtubule plus ends, cells were postfixed
namic following microinjection of anti-CLASP1 antibod- in 4% paraformaldehyde for 15 min. All the other immunostainings
ies. Third, the microtubule binding region of CLASP1 were performed as described (Maiato et al., 2002). The antibodies
used were against -tubulin (clone B512, Sigma), CENP-C (rabbit),bundles microtubules, rendering them nondynamic and
CENP-E (mouse, gift from Tim Yen), EB1 (mouse, Transductionhighly resistant to colcemid-induced depolymerization.
Labs), CLIP-170 (rabbit, gift from Anna Akhmanova), and ACA (hu-Fourth, the abnormal astral structure observed in anti-
man). Labeled secondary antibodies were purchased from Jacksonbody-injected HeLa cells, with chromosomes buried in
Immunoresearch. DNA was counterstained with DAPI and prepara-
the interior of the asters, was largely reversed upon the tions mounted with Vectashield (Vector). For chromosome spreads,
addition of low dose taxol or nocodazole. Both drugs, HeLa cells were treated for 3 hr with 0.3 g/ml colcemid incubated
for 20 min in 75 mM KCl and processed for immunofluorescence.which suppress microtubule dynamics and cause astral
Statistical analysis on the interkinetochore distances was performedmicrotubules to grow (Jordan et al., 1992; Jordan and
using the Mann-Whitney and Anova nonparametric and parametricWilson, 1999), caused chromosomes to move toward
tests. Three-dimensional data sets of representative cells were col-the periphery of the asters and kinetochores to associ-
lected using a DeltaVision system (Applied Precision, Issaquah, WA)
ate with the ends of astral microtubules. This argues and subsequently deconvolved (except for Supplemental Figure
for a specific requirement of CLASP1 for kinetochore- S3A) and projected onto a single plane. Image processing and quan-
tification of fluorescence were done using SoftWorx (Applied Preci-microtubule dynamics.
sion) or Adobe Photoshop 5.5.Recent electron microscopy data have led to a model
in which the plus ends of growing microtubules are pres-
Constructs and Transfectionsent as open sheets that are postulated to close prior to
Full-length CLASP1 was obtained by fusion of the cDNA KIAA0622microtubules entering a shrinking phase (Arnal et al.,
(Ishikawa et al., 1998) with a 5 RACE product that was fully se-2000). It is possible that the flared ends of kinetochore-
quenced and cloned into a pEGFP-C1 vector (Clontech). All the other
associated microtubules seen in cryoelectron micros- constructs are derivatives of the full-length CLASP1 (full details
copy studies correspond to the sheets seen in in vitro can be provided upon request). Transfections were performed as
assembly studies (McEwen et al., 1998; O’Toole et al., described (Lemos et al., 2000).
1999; Mastronarde et al., 1997). In any event, the location
of CLASP1 in the outer kinetochore corona would place Four-Dimensional Analysis by Restoration Microscopy
A stable HeLa cell line expressing GFP--tubulin (gift from Stefaniethe protein along the sides of the microtubules near the
Kandels-Lewis and Eric Karsenti) was used to track microtubuleplus ends—possibly near the junctions where the flared
dynamics in vivo. For transient transfections of EGFP-CLASP1 con-tubules adopt a cylindrical profile (see model in Figure
structs or EB1-GFP (gift from Shoichiro Tsukita), HeLa cells were7F). In its position near the plus ends at the kinetochore,
grown on 40 mm coverslips, transfected, and 24 hr later transferred
CLASP1 would be well placed to influence the topology into FCS2 chambers (Bioptechs) and kept at 37	C in RPMI without
of the microtubules, for example, by promoting the tran- phenol red (Gibco) supplemented with 10 mM Hepes. Three-dimen-
sional data sets were collected every 5 s, except in Figure 2E wheresition of closed tubes to sheets, thus favoring growth.
this was every 30 s, and movie frames were compiled using ImageJDrosophila Orbit/MAST binds to microtubules in the
1.28u. The contrast was inverted in the selected frames to improvepresence of GTP, but not GTP-
S (Inoue et al., 2000).
image visualization. Three separate experiments were carried out.Given that the microtubule lattice differs depending
upon whether the tubulin is in the GTP or GDP form
Microinjections(Hyman et al., 1995), CLASP1 could potentially influence
Rb1277 serum absorbed to protein A sepharose beads (BioRad)
the structure at the end of the microtubule by preferen- was eluted with 100 mM Glycine (pH 2.5) before neutralization with
tial binding to one state of the lattice. 1 M Tris-HCl (pH 8.0), concentrated to 20 mg/ml, and changed to
Our present work suggests that CLASP1 function can microinjection buffer (100 mM KCl, 10 mM KH2PO4 [pH 7.4]) using
0.5 ml concentration columns (Millipore). For injections, cells werebe largely understood in terms of regulation of microtu-
grown on glass coverslips and kept at 37	C on a Nikon Diaphotbule dynamics at the kinetochore and throughout the
microscope with a Narishige microinjector within a heated chamber.spindle. Regardless of its detailed mechanism of action,
Interphase cells were microinjected in the cytoplasm, fixed after
CLASP1 appears to be a key component enabling kinet- 12 hr, and processed for immunofluorescence. Injected cells were
ochores to perform one of their most distinctive behav- detected using anti-rabbit-conjugated secondary antibodies. For
iors in mitosis—interaction with dynamic microtubules 4-D restoration microscopy after antibody injections, the stable
GFP--tubulin cell line or transiently transfected cells were coin-that are constantly adding or losing subunits at their
jected in interphase with Texas-Red-conjugated Dextran at 0.25plus ends.
mg/ml (Molecular Probes) 24 hr after transfection and observed
12 hr after injection. For the analysis of EGFP-CLASP1 after anti-Experimental Procedures
CLASP1 antibody injection, HeLa cells were coinjected with anti-
CLASP1 antibodies containing 0.01 g/l of EGFP-CLASP1 andImmunoblots and Quantitative Immunofluorescence
fixed for immunofluorescence analysis after 12 hr. Expression ofAnti-CLASP1 antibodies Rb1277) were raised against a synthetic
the injected EGFP-CLASP1 protein occurs within the first 3 hr (datapeptide (sequence RIRTRRQSSGSATNVASTPDNR, (aa 639–650 of
not shown).CLASP1) conjugated to KLH (ABCAM). For immunoblotting, control
and transfected HeLa cell extracts were separated by SDS-PAGE
and processed as described (Maiato et al., 2002). Anti-CLASP1 or Drug Treatments
Taxol was used at 1–10 M in HeLa cells transfected with EGFP-preimmune antibodies were used at 1:500 dilutions and anti-GFP
antibodies (Molecular Probes) at 1:1000. For immunofluorescence CLASP1 full length or at 100 nM in injected cells for 30 min prior to
fixation as described (Jordan and Wilson, 1999). Injected cells werewith anti-CLASP1 antibodies, HeLa cells grown on poly-L-lysine-
treated coverslips in RPMI (Gibco) with 10% FBS and antibiotics incubated with 50 nM nocodazole for 20 min prior to fixation. For
microtubule depolymerization, HeLa cells transfected with EGFP-were fixed in cold methanol, blocked with 0.5% BSA in PBS con-
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Figure 7. Role of CLASP1 in Kinetochore Microtubule Dynamics
(A) Still image from a live control cell stably expressing GFP--tubulin (Supplemental Movie S5) showing kinetochore fiber dynamics. Higher
magnification images (right) of a single kinetochore fiber shown every 10 s, as it first shortens toward the spindle pole and then lengthens
toward the metaphase plate. The red line indicates the site of kinetochore attachment.
(B) Still image from a live cell injected with anti-CLASP1 antibodies and stably expressing GFP--tubulin (Supplemental Movie S6) showing
kinetochore microtubule bundles. One attached chromosome is outlined in black. Higher magnification images (right) of the microtubule
bundle every 10 s showing little or no dynamic behavior.
(C) Quantification of the average length of kinetochore fibers (n  3 in each experiment) in either control- or anti-CLASP1-antibody-injected
cells.
(D–E) Single frames from movies of live control- or anti-CLASP1-antibody-injected mitotic cells expressing EB1-GFP (Supplemental Movies
S7 and S8). The flux in the control cell can be seen as black (D) or orange (D) speckles emanating from the centrosome. After injection of
anti-CLASP1 antibodies, no flux of EB1-GFP can be observed. Bar is 10 m.
(F) Proposed model for the role of CLASP1 at microtubule plus ends and kinetochores. CLASP1 may assemble with the polymerizing
microtubules by recognition of a particular lattice conformation and/or by coassembly with tubulin heterodimers (Yin et al., 2002). The former
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CLASP1(250–943) were incubated for 16 hr with 0.03g/ml colcemid Cheeseman, I.M., Enquist-Newman, M., Muller-Reichert, T., Drubin,
D.G., and Barnes, G. (2001b). Mitotic spindle integrity and kineto-prior to fixation.
chore function linked by the Duo1p/Dam1p complex. J. Cell Biol.
152, 197–212.Electron Microscopy
HeLa cells overexpressing EGFP-CLASP1(250–943) were grown in Cooke, C.A., Bernat, R.L., and Earnshaw, W.C. (1990). CENP-B: A
6-well plates and processed for EM 36 hr after transfection (Maiato major human centromere protein located beneath the kinetochore.
et al., 2002). For ultrastructural analysis after antibody injection, J. Cell Biol. 110, 1475–1488.
HeLa cells were injected during interphase with anti-CLASP1 anti-
Cooke, C.A., Schaar, B., Yen, T.J., and Earnshaw, W.C. (1997). Local-
bodies or control preimmune IgGs together with rhodamine-labeled
ization of CENP-E in the fibrous corona and outer plate of mamma-
dextran 0.25 mg/ml (Molecular Probes) and kept in culture for 12
lian kinetochores from prometaphase through anaphase. Chro-
hr. Injected cells in mitosis were detected under the fluorescence
mosoma 106, 446–455.
microscope, scribed with a diamond, fixed in 2.5% glutaraldehyde
Coue, M., Lombillo, V.A., and McIntosh, J.R. (1991). Microtubulein PHEM, and processed flat for ultrathin serial sectioning (Rieder
depolymerization promotes particle and chromosome movement inand Cassels, 1999).
vitro. J. Cell Biol. 112, 1165–1175.
Desai, A., and Mitchison, T.J. (1997). Microtubule polymerizationAcknowledgments
dynamics. Annu. Rev. Cell Dev. Biol. 13, 83–117.
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